1. Introduction With the rapid advancement of computer simulation capabilities, the prospect of designing ceramic materials with unique combinations of properties has been enhanced greatly.1)-3) However, the development of new engineered microstructures is critically dependent upon understanding and controlling sintering and grain growth phenomena in ceramics. Sintering of ceramics proceeds through several stages and depends upon both materials properties and the physical characteristics of the compact. Grain growth, however, is a much simpler process particularly when studied in pore free materials. Atomic mobility controls grain growth. Depending on the materials system, this can occur by either a solid state process or through a liquid phase. Typically, diffusion is more rapid when a liquid phase is present. This phenomenon often leads to exag gerated grain growth. This exaggerated growth also occurs along specific planar orientations. While this situation can also be simulated, for validation of developing models, it is preferable to work with a system where normal grain growth predominates. Under these conditions, the fun damental principles used in the computer simulations can be more easily substantiated.
Primarily because of its high thermal conductivity, AlN is under consideration for many electronic and structural ap plications where heat management is critical.4) AlN has been studied extensively and it was reported that isotropic grain growth occurs.5)-7) Since the processing of AlN typically involves the incorporation of liquid forming rate and/or alkaline earth compounds, AlN is an ideal candidate for studying grain growth behavior in presence of a liquid phase. The effect of time and amount of an yttrium aluminate grain boundary phase on AlN grain growth was studied.
Moreover, the computer simulation using Monte Carlo method was examined for grain growth in presence of a li quid phase and the results were compared to those of AlN grain growth as a model material to verify how exactly this computer simulation can express a behavior of actual material.
2. Experiment of AlN grain growth 2.1 Preperation of samples For these experiments, a commercial AlN powder (The Dow Chemical Co., XUS35562) produced by the carbother mal reduction method was first classified to produce the fair ly narrow particle distribution, The classified powder had 1.8mass%, 0.045mass% of oxygen and carbon, respective ly. The content of metal impurities were 20ppm, 71ppm, 50ppm of Fe, Ca and Si, respectively, Yttrium oxide (Shin etsu Chemical Co., U grade) and aluminum oxide (Taimei Chemical Co., TM-D grade) were added to the AlN powder to produce the desired composition and levels of liquid phase. Since the classified AlN powder had 1.8 mass% of oxygen, this had to be considered when calculating the re quired additive amounts. It was assumed that the equivalent amount of oxide (3.8mass% was available to react with yttria to form the aluminate. The batch formula tions and desired liquid phase compositions are shown in Table 1 . The sample designations A, B, C and D represent the targeted liquid amount of 5, 10, 20 and 30%, respective ly. The desired Y2O3/Al2O3 molar ratio was 1.5. However, because of the initial surface oxide present in the AlN powder, this ratio could not be maintained while achieving only five percent of liquid.
The powder mixtures were ball-milled in ethanol for 20h using urethane coated steel balls, The obtained slurries were dried in vacuum with a vibration drier. The mixed powders were first uniaxially pressed at 24.5MPa and then pressed isostatically at 294MPa. The formed disks had a diameter of 20mm and were about 5mm thick. The obtain ed AlN compacts were placed in a BN crucible. The BN crucible was then set into the carbon crucible whose inside was coated with BN spray. The compacts were sintered to full density in a carbon furnace (Fujidempa Kogyo Co., Ltd., Type FVPHP-R-10)
at 2123K for 1 to 20h and a flowing nitrogen atmosphere. Fig. 5 . 
The grain growth mechanism
Based on these observations, the mechanism for AlN grain growth in an yttrium aluminate liquid was postulated to be of the "solution-reprecipitation" type. In this process, the solid phase first dissolves into the liquid and then rerecipitates on the surface of the solid. Generally, two controlling steps are known for this mechanism pro cess.11),12) Then the growth rate may be controlled by atomic diffusion through a liquid or by interfacial reaction. It was reported that in the diffusion controlled process the cube of grain size is proportional to time as follows; G3-G03=k1t (f) If the growth rate is controlled by the interfacial reaction, then the grain size squared is proportional to time. The rela tionship between grain size and time is represented as follows; G2-G02=k2t (2) Then G, G0 mean grain size, and k1, k2, t represent rate con stant and time, respectively. It is observed, in Fig. 6 , that the cube of the mean of AlN grain is roughly proportional to sintering time. This result is consistent with earlier work by Virkar et al. 13 ) The grain growth in this material system is considered, then to be controlled by the diffusion of AlN through the liquid of yttrium aluminate. The rate constants are obtained from the slope in Fig. 6 and shown in Fig. 5 . The relationship between rate constant and liquid phase fraction is similar to that between grain size and liquid phase fraction.
On the other hand, Horvath et al.14) reported that in AlN-CaO system the square of grain size was propor tional to time and concluded that the mechanism of AlN grain growth was controlled by the diffusion of AlN through thin film of liquid phase because the thickness of liquid boundary was considered to be constant. Consequently, AlN grain growth rate was thought to be controlled by the diffusion of AlN through the boundary phase. Since the yttrium aluminate liquid phase was different, this can not be ruled out as the cause of the anomalous behavior observed for the A samples. However, if grain growth is controlled by AlN diffusion through the boundary phase, it is very likely, then, that the low levels of liquid were initially insufficient to provide adequate diffusion paths for growth. Over time, the liquid was able to wet the majority of particles, and then grain growth was rapid due to the shorter diffusion path (thinner liquid boundary) in sample A. Figure 9 shows the dependence of grain size in simulated microstructures on fraction of liquid phase. The peak of grain size is observed at around 10% and at more than 10% liquid phase fraction the grain size decreases with incerasing of liquid fraction. This tendency is similar to that of AlN model experiment. But at the region of less than 10%, the difference between the simulation and model experiment is observed. It is con sidered that the grain growth may be depressed because the amount of liquid phase is too small to wet solid part well and grain boundaries are formed more dominantly. Some fur ther examinations should e done to make MC simulation closer to a behavior of actual material.
It is also an important issue whether the simulation can show the relatioship between the cube of grain size and time observed in AlN system. The relationship between the grain size and MCS is shown in Fig, 10 at more than 10% li quid phase fraction where the relationship between grain size and liquid phase fraction is similar in both the simula tion and model experiment. As a result, it is found that the cube of grain size is proportional to MCS at more than 100 MCS. This result is consistent with the relationship bet ween grain size and time in the model experiment. From these results, it is concluded that this simulation can ex press the diffusion controlled "solution-reprecipitation" mechanism in grain growth in presence of a liquid phase. It is considered that the consistence of the relationship bet ween grain size and time (MCS) is due to the adoption of random walk process into the mass transfer in the simula tion. 
Conclusions
AlN grain growth behavior was examined in AlN-yt trium aluminate system at various fractions of the liquid phase. Grain growth was observed for all the studied com positions. The amount of liquid phase was constant during sintering and grain growth and the mean of grain size for AlN decreased with increasing amounts of liquid phase. AlN grain growth in this system was considered to proceed by the "solution-reprecipitation" mechanism. AlN diffusion in the liquid phase was suggested to control the grain growth rate based on the linear relationship observed bet ween sintering time and the cube of the average grin size.
On the other hand, the simulation of grain growth in presence of a liquid phase was done using Monte Carlo method. The results from the simulation were compared to those of experimental AlN grain growth to validate the right of the simulation. As a result, it was found that at more than 10% liquid phase fraction, this simulation could show the similar results to those obtained in the experiment of AlN grain growth and express the diffusion controlled "solution -reprecipitation" mechanism .
